We have characterized the temporal appearance and accumulation of minute virus of mice (MVM) replicative forms (RF) in highly synchronized single rounds of infection using a combination of restriction endonuclease analysis and two-dimensional agarose gel electrophoresis. Between 4 and 12 h after release of infected eeUs into the S-phase, both monomer (mRF) and dimer RF (dRF) increased exponentially at similar rates such that the ratio of mRF relative to dRF remained unchanged. These DNA forms accumulated at a faster rate than MVM RNAs, suggesting that the number of DNA templates available for replication is limiting, not the expression ofMVM gene products, and that the majority of DNA templates are likely to be destined for DNA amplification rather than transcription and further gene expression. During this exponential DNA amplification phase, approximately 65 % of mRF were in a fully extended form, whereas most of the remaining mRF were covalently closed in the left end and extended in the right end. Although MVM replication presumably generates right-hand turn-around mRF, only a low level of this form persists (5 to 10 % of total mRF) at all times examined, suggesting that this form must be quickly converted to the extended form. Greater than 90% of dRF, which have right-hand palindromes on both ends of the molecule, were extended on both ends. A significant proportion of dRF and higher concatemers are nicked in the left-hand palindrome, suggesting that resolution of dRF into two mRFs may occur via single-stranded nicks rather than a double-stranded cut. An additional replicative form, previously termed band X, has been identified as an RNA-DNA duplex. This band is formed predominantly intracellulady, before cell lysis but its biological significance remains unclear. Our results provide direct experimental support for many of the predictions of the current models of parvovirus replication and suggest that the kinetic hairpin transfer model should be adjusted to include a strand-transfer or similar mechanism for the resolution of dRF to account adequately for the production of left-end turn-around forms.
Characterization of the temporal accumulation of minute virus of mice replicative intermediates
We have characterized the temporal appearance and accumulation of minute virus of mice (MVM) replicative forms (RF) in highly synchronized single rounds of infection using a combination of restriction endonuclease analysis and two-dimensional agarose gel electrophoresis. Between 4 and 12 h after release of infected eeUs into the S-phase, both monomer (mRF) and dimer RF (dRF) increased exponentially at similar rates such that the ratio of mRF relative to dRF remained unchanged. These DNA forms accumulated at a faster rate than MVM RNAs, suggesting that the number of DNA templates available for replication is limiting, not the expression ofMVM gene products, and that the majority of DNA templates are likely to be destined for DNA amplification rather than transcription and further gene expression. During this exponential DNA amplification phase, approximately 65 % of mRF were in a fully extended form, whereas most of the remaining mRF were covalently closed in the left end and extended in the right end. Although MVM replication presumably generates right-hand turn-around mRF, only a low level of this form persists (5 to 10 % of total mRF) at all times examined, suggesting that this form must be quickly converted to the extended form. Greater than 90% of dRF, which have right-hand palindromes on both ends of the molecule, were extended on both ends. A significant proportion of dRF and higher concatemers are nicked in the left-hand palindrome, suggesting that resolution of dRF into two mRFs may occur via single-stranded nicks rather than a double-stranded cut. An additional replicative form, previously termed band X, has been identified as an RNA-DNA duplex. This band is formed predominantly intracellulady, before cell lysis but its biological significance remains unclear. Our results provide direct experimental support for many of the predictions of the current models of parvovirus replication and suggest that the kinetic hairpin transfer model should be adjusted to include a strand-transfer or similar mechanism for the resolution of dRF to account adequately for the production of left-end turn-around forms.
Introduction
Minute virus of mice (MVM) is among the best characterized of the parvoviruses, which are unique among viruses of vertebrates in that they package a linear, single-stranded DNA molecule. Parvoviruses replicate in the nucleus of infected cells via linear, double-stranded, episomal DNA molecules utilizing a hairpin transfer mechanism to replicate the ends of their linear DNA molecule (Cavalier-Smith, 1974; Straus et al., 1976; Tattersall & Ward, 1976) . Terminal palin-dromes prime viral DNA replication by folding back upon themselves to form a hairpin structure. Subsequent extension from the 3' terminus generates a linear, doublestranded DNA molecule that is covalently closed at one end. This covalently closed (or turn-around) form can then be converted back to an open (or extended) end by the introduction of a strand-specific nick directly adjacent to the terminal palindrome followed by extension toward the end of the molecule by a cellular DNA polymerase.
Adeno-associated virus (AAV), another parvovirus, has identical palindromes of 125 nucleotides (nt) on both ends of the genome which can fold into T-shaped structures. Replication of the AAV genome can initiate at either end of the DNA to generate approximately equal amounts of both orientations (called flip and flop) in both ends, and the orientation of one end is independent of the other (Lusby et al., 1981) . MVM, on the other hand, has two very different structures on the left and right ends. The left (or 3') palindrome is 115 nt long and can fold into a T-shaped hairpin similar to AAV termini (Astell et al., 1983) . The right (or 5') palindrome is 206 nt long and contains small, internal inverted repeats, which may form a small cruciform structure (Astell et al., 1983; Merchlinsky, 1984) . Like that of AAV, the right hairpin of MVM is found in two orientations. The left hairpin, however, although structurally more similar to AAV termini than the right palindrome, is found exclusively in one orientation (arbitrarily designated as flip), suggesting that the left hairpin of MVM is not resolved by a hairpin transfer mechanism (Astell et al., 1983 (Astell et al., , 1985 . Because the incoming single-stranded (ss) DNA is presumably converted to monomer replicative forms (mRF) by extension from the left (3') hairpin to produce an mRF covalently closed in the left end (depicted in Fig. 3 c, ix), MVM DNA is predicted to pass through an obligatory dimeric replicative form (dRF). During AAV infection dRF are also seen but they are presumably not obligatory, because both termini can be converted to the extended form. co-workers (1983, 1985) have proposed a role for the terminal protein (NS1) in the resolution of dRF into two mRF. They suggested that NS 1 may have a nicking and strand transfer activity similar to the ~bX174 gene A protein and topoisomerase I in the dimer bridge region and become covalently attached to the 5' phosphate. Replication would then initiate at the newly exposed 3' OH and progress across the dimer bridge to the opposition NS1 cleavage site, at which point NS1 would cleave the opposite strand, catalyse the ligation of the 5' end of the original strand to the 3' end of the opposite site and become covalently attached to the new 5' end. As predicted by this model, cloned dimer bridge fragments are resolved into both turn-around and extended ends by NS1 (Cotmore & Tattersall, 1992; Cotmore et al., 1992) . However, recent analysis of nicked but unresolved dimer bridge fragments suggests that the initial nick may occur on the strand opposite to that predicted by the original model (Cotmore et al., 1993) .
Although the modified rolling hairpin model of Astell et al. (1983 Astell et al. ( , 1985 provides a satisfactory explanation for MVM DNA forms, it does not adequately account for DNA forms observed in the replication of other parvoviruses. For example, LulII has two non-identical left and right hairpins very similar to those of MVM, but unlike MVM, LulII packages approximately equivalent amounts of plus and minus strands (Muller & Siegl, 1983; Bates et al., 1984) . Of the packaged ssDNA, minus strands are found exclusively in the flip orientation in the left end and both orientations in the right end, similar to the situation for MVM. Plus strands, however, are found in both orientations in both ends. Therefore, if minus strands of LulII are exclusively flip in the left end because of an inherent inability to initiate replication from the left hairpin, as proposed for MVM, then plus strands must be generated by a different mechanism.
Recently, a unifying model for parvoviral DNA replication, called the kinetic hairpin transfer model, has been proposed (Chen et al., 1989; Tyson et al., 1990) . This model is based on the simple assumption that different hairpin conformations (flip or flop) may be processed at different rates and successfully accounts for the accumulation of the different DNA conformations observed with AAV, MVM, LuIII and bovine parvovirus. For AAV, which has identical palindromes on both ends, both conformations would presumably be processed at equivalent rates. This would generate equivalent amounts of flip and flop orientations in both ends and produce equivalent amounts of plus and minus progeny ssDNA. For MVM, the rate of transfer of the left hairpin would approach zero for the flip conformation, but not for the flop orientation as assumed in the modified rolling hairpin model.
Both the modified rolling hairpin and kinetic hairpin models require discrimination between flip and flop orientations in the left palindrome of MVM. The modified rolling hairpin model predicts that this discrimination occurs during the resolution of the dimer, whereas the kinetic hairpin model predicts that discrimination occurs during the hairpin transfer step. dRF can be resolved by a number of mechanisms including a staggered double-stranded cut. In either case, the discrimination between flip and flop orientations in the left palindrome of MVM must be limited to mismatches (seven/115 nt) within the palindrome, suggesting that NS1 may recognize one of these sites.
In this study we have quantified the temporal accumulation of MVM RF in a single round of a highly synchronized, low multiplicity infection using a combination of restriction enzyme analysis and one-and two-dimensional agarose gel electrophoresis (1D-AGE and 2D-AGE, respectively). 2D-AGE separates intracellular MVM DNA into a pattern consistent with the electrophoretic behaviour expected of putative parvoviral replicative intermediates. Our results indicate that MVM RF are predominantly in the extended conformation on both ends during early times after release of infected cells into the S-phase (0 to 12 h) and that the majority of turn-around mRF at early times in infection are covalently closed in the left end and extended in the right end. MVM mRF covalently closed in the right hairpin are also present and are probably derived from transient replicative intermediates. Our results directly confirm many of the predictions of the current models of parvovirus replication; however, we also suggest that the kinetic hairpin model should be modified to include a IP: 54.70.40.11
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Methods
Cells and virus. A%~ cells were synchronized by a combination of isoleucine deprivation for 46 h and treatment with aphidicolin for 20 h as described previously (Cotmore & Tattersall, 1987; Clemens & Pintel, 1988) . Cells were infected at the time of the aphidicolin block with MVMp (0.2 p.f.u, per cell) prepared from infected A9sL cells in 50 mMTris-HCl pH 8"7, 1 mM-EDTA as previously described (Tattersall & Brattou, 1983) . At various times after release from the aphidicolin block, cells from duplicate plates were rinsed three times in PBS and lysed (in 2% SDS, 0.15 M-NaC1, 10 mM-Tris-HC1 pH 7.5 and 1 mM-EDTA) and the cellular DNA was sheared as previously described (Tullis et al., 1992) . Murine A9sL cells were also pre-labelled with [SH]thymidine (1 gCi/ml) for 24 h as previously described (Tullis et al., 1992) , so that viral RF could be standardized to an equivalent number of cells. Each sample was assayed in triplicate for incorporated 3H using DE81 filters (Maniatis et al., 1982) and compared to incorporated 3H determined from a known number of uninfected cells isolated prior to release from the aphidicolin block and that were processed in parallel.
Analysis of MVM DNA and RNA. Viral DNA was visualized by probing Southern blots with a 3SP-labelled, MVM-specific probe generated using random primers (Pharmacia; Feinberg & Vogelstein, 1983) or strand-specific RNA probes generated from the MVM HaelII C fragment (nt 1854 to 2378) as described (Clemens & Pintel, 1988) . aSP-labelled ssDNA was prepared from DNA extracted from virions by extending the 3' end with radiolabelled dATP, in the presence of ddGTP, ddTTP and ddCTP, using the Klenow fragment of DNA polymerase I (specific activities ranged from 2 x 10 n to 5 x l0 n c.p.m./ gg). Alkaline agarose gels were prepared as previously described (Ogden & Adams, 1987) . In order to digest MVM DNA with BstEII and BgtI, MVM DNA was isolated from crude SDS lysates by a modification of the method of Hirt (1967) . Briefly, SDS lysates were first treated with proteinase K (0'5 mg per ml at 37 °C for 4 h). NaC1 was then added to a final concentration of 1 M and the SDS was allowed to precipitate on ice overnight. The SDS was removed by centrifugation (40000 r.p.m, in a Beckman TLA-45 rotor for 40 min) and the resulting supernatant was treated with RNase A (0-1 mg per ml at 37 °C for 1 h) before extraction with phenol and chloroform:isoamyl alcohol (24:1) and precipitation in ethanol. RNase protection assays were performed exactly as described by Schoborg & Pintel (1991) , using an RNA probe generated as above.
Quantification of MVM RF. The number of mRF present in each sample was measured by quantifying the amount of aSP-labelled probe bound to mRF on Southern blots relative to that bound to MVM plasmid DNA of a known concentration, using a Molecular Dynamics Phosphoimager. This method allowed the detection of less than one mRF copy per cell (data not shown). The amount of MVM ssDNA present per cell was calculated similarly after multiplying the amount of 3sp bound to MVM sDNA by two to compensate for the number of DNA strands present in each molecule. Likewise, the number of dRF (10-2 kb) present per mRF (5.15 kb) was calculated by dividing the amount of a2P-label bound to dRF by 1.98 to adjust for the difference in size between the two molecules. The amount of tuRF that was covalently closed in one or both ends (mT and mC, respectively) was defined as the tuRF that migrated at 10 kb in alkaline agarose gels (as shown in Fig. 2d ) or, alternatively, as the amount of tuRF that was resistant to heat denaturation and quick cooling on ice. Both methods
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1635 gave essentially the same result in all three experiments. Therefore, assuming mRF = mE+mL+mR+mC (where mE represents mRF that are extended on both ends, and mL and mR represent mRF that are covalently closed in the left or right ends, respectively) and mT = mL+mR, mE=mRF-(mT+mC). The amount of mC at 12h following release into the S-phase was quantified from Southern blots of 2D-AGE gels (see Fig. 2d ).
The number of mL and mR were calculated from the amount of left (Lt) and right (Rt) turn-around end fragments following digestion with BstEII and Bgll (or BglI alone). Turn-around and extended restriction fragments were separated by 1D-AGE either directly or following denaturation at 100 °C for 5 min and chilling on ice, which more effectively separates turn-around end fragments from their extended counterparts (Le and Re).
Because dRF do not contribute to the left end restriction fragments observed (see Fig. 5 , bottom), we can assume (1) L e = mE + mR and (2) L t = mL+mC. And, because mL >> mC for all time points examined, (3) mL ~< L t. However, dRF do contribute to the pool of right-end fragments, therefore (4) Re=2dE+dT+mE+mL and (5) R~= 2dC+dT+mR+mC, where dE represents dRF that are extended on both ends, dT are dRF that are covalently closed at one end, and dC are dRF that are covalently closed at both ends. Because mC, dT and dC are very small in comparison to mR, mR can be estimated as (6) mR ~< R~ (at 12 h post-release mR ~< Rt-mC ).
Since mT=mL+mR, a lower limit for mL and mR can be estimated from R t and Lt, respectively, as follows: (7) mL ~> mT-R t and (8) mR ~> naT-L t, Similarly, fully extended tuRF (mE) can be calculated from restriction enzyme digests as (9) mE = Le-R t. Table 1 ). Therefore, only 0-2 % of the virions bound progress to productive infection. Viral mRF synthesis was first detected 3 to 4 h after release of cells into the S-phase (at approximately two copies/cell) using 1D-AGE, and dRF was detected (at approximately one copy/cell) 5 to 6 h post-release ( Fig. la ; Table 1 ). Although the persistence of input ssDNA prohibited the precise analysis of progeny ssDNA early in the infection, an increase in ssDNA, over the residual input, was detected by 8 h into the S-phase, consistent with previous observations that progeny ssDNA is produced as early as 6 h into the S-phase (Cotmore & Tattersall, 1987) . All viral DNA forms increase exponentially between 6 and 12 h post-release, and the ratio of dRF to tuRF remained similar throughout infection (Table 1 ). The ratio of accumulated ssDNA relative to double-stranded RF, however, increased between 8 and 12 h post-release (during which time the great majority of ssDNA present was generated during infection) in two experiments, suggesting that MVM had entered a packaging phase by this point during these infections (Table 1) . Because we have only measured cell-associated DNA and because MVM progeny virions are preferentially exported from the cell during a highly synchronized infection (Cotmore & Tattersall, 1989; Tullis et al., 1992) , the amount of ssDNA measured here underestimates the total amount produced. In the third experiment, the relative ratio of ssDNA per mRF had not yet begun to increase by 12 h post-release, reflecting the relatively high amount of input ssDNA present in this experiment and a slower accumulation of tuRF, probably due to a difference in the infectivity to particle ratios between viral stocks. Presumably, in this experiment the infection had not yet reached the packaging stage.
Results and Discussion

Analysis of the temporal accumulation of MVM RF in highly synchronous infection by 1D-AGE
There is a temporal phasing in the appearance of MVM RNA during infection (Clemens & Pintel, 1988; Schoborg & Pintel, 1991) ; R1 and R2, which are generated from a promoter at map unit 4, encode the non-structural proteins NS 1 and NS2, and are expressed prior to the capsid gene transcripts, R3, generated from a promoter at map unit 38. In the highly synchronous infections described above, the switch from production of predominantly R1 and R2 to predominantly R3 transcripts occurred at about 4 h into the S-phase (Fig.  1 c) , approximately the same time as DNA replication began (Fig. 1 b) . By 8 h post-release, R3 had reached its characteristic, steady-state level of approximately 60 % of the total MVM RNA. Between 6 and 12 h post-release into the S-phase, both MVM RNA and DNA forms increased exponentially; however, MVM DNA forms accumulated at a faster rate than mRNAs ( Fig. 1 b and  c) , suggesting that the number of DNA templates, rather than the production of MVM gene products, is limiting and that the majority of DNA templates were present in a pool of molecules destined for further DNA amplification rather than gene expression.
Analysis of the temporal accumulation of M V M RF in highly synchronous infection by 2D-AGE
Extended and turn-around RF can be effectively separated by 2D-AGE (Cotmore & Tattersall, 1988; Tullis et al., 1993) . Under alkaline conditions, mE and viral ssDNA migrate as 5 kb DNA, whereas mT migrate as 10 kb DNA (Fig. 2) . Similarly, dRF separates into a 20 kb turn-around dimer (dT) and a 10 kb extended dimer (dE) in the second, alkaline dimension ( Fig. 2b  and c) . In our experiments, a portion of dRF also comigrated with viral 5 kb ssDNA in the alkaline dimension and is probably derived from dRF that are nicked near the middle of the molecule in the dimer bridge region (Fig. 2) . This is consistent with previous observations that gel-purified dRF and tetramer RF tend to break down (under neutral conditions) into 5 kb monomeric DNA (Ward & Dadachanji, 1978) .
In these experiments, MVM mRF was first detected 3 to 4 h into the S-phase. At this time, 70 % of these molecules were extended (mE) (data not shown), sug- gesting that if the incoming ssDNA is first converted to a turn-around form (Fig. 4 c, ix) , then at least 70 % of the mRF present had already been processed at 4 h postrelease, either by direct conversion of the left-hand turnaround end to an extended end or through an undetected dRF intermediate. Between 4 and 12 h after release of infected cells into the S-phase, during which time MVM RF is being amplified exponentially, approximately 65 % ofmRF were mE ( Fig. 2 ; Table 1 ). By 24 h after release, turn-around forms became more abundant (data not shown), as has been previously reported (Cotmore et al., 1989) . A small amount of mC, apparently slightly larger than 10 kb when resolved in the second dimension (Cotmore et al., 1989) , was first detected 12 h postrelease and accounted for approximately 1% of mRF at that time (Fig. 2c) . Approximately 90 % of dRF were dE between 6 and 12 h post-release (Fig. 2) . The ratio of extended and turnaround dRF, which have right-hand palindromes on both ends, is similar to the ratio of extended and turnaround right-hand palindromes present in the total replicating pool, as discussed further below. A low level of tetramer RF (approximately six copies/cell) was also visible at 12 h post-release. The majority of tetramer RF migrated as 15 kb DNA fragments in the alkaline dimension, suggesting that, similar to dRF, they were nicked in a left-hand palindrome, approximately 5 kb from one end.
An additional MVM DNA form, termed band X, migrated between ssDNA and mRF in a neutral agarose gel but comigrated with viral ssDNA in the alkaline dimension (Fig. 2) . A DNA form similar to band X has been observed previously in crude cell lysates (Cotmore & Tattersall, 1988) and nuclear extracts (Doerig et al., 1986) . A similar DNA form has also been reported to be associated with viral capsids (Doerig et al., 1986; Faust et al., 1989) . The DNA component of band X is covalently attached to NS1, similar to MVM RF and progeny ssDNA, because its mobility in SDS-agarose gels is slightly increased following proteinase K treatment and it can be immunoprecipitated with anti-NS1 antibody, even after boiling in 0.2% SDS (Cotmore & TattersaU, 1988; G. Tullis & D. J. Pintel, unpublished results) . Band X is also sensitive to mung bean nuclease (Cotmore & Tattersall, 1988; G. Tullis & D. J. Pintel, unpublished results) , indicating that at least a portion of the molecule remains single-stranded.
Band X is an RNA-DNA duplex
The alkali sensitivity of band X suggested that it might contain an RNA component. Indeed, band X was susceptible to both RNase A and RNase H (Fig. 3a) , indicating that it is a duplex of RNA and DNA. Hybridization of Southern blots of two-dimensional agarose gels with strand-specific RNA probes confirmed that the DNA component of band X is composed primarily of the viral strand (data not shown). The mobility of band X in neutral agarose gels compared with that of ssDNA suggests that the RNA component is at least several kilobases long.
To determine whether this RNA-DNA duplex could form during the lysis procedure, we performed a reconstruction experiment in which 32P-labelled viral ssDNA was added to MVM-infected cells at the time of lysis. Although an approximately equimolar amount of 32p-labelled ssDNA was added to the cells, only a small amount was converted to band X (approximately 6 %). The majority of band X present ( > 90%) was formed with unlabelled ssDNA (as detected by Southern blot), suggesting that most of band X was formed intracellularly, prior to lysis with SDS (data not shown). Because band X appeared as early as 4 h into the Sphase, a time at which very little, if any, ssDNA is produced, it seemed likely that band X could also be formed from the incoming viral ssDNA. To address this question, we infected synchronized A92L cells with 3~p_ labelled virus (isolated from infected A92L cells labelled with [32p]orthophosphate, 0"24 m C i / m l in medium containing one-tenth the normal amount of phosphate). A mock extract was also prepared from uninfected cells that were labelled with an equivalent amount of [32p]orthophosphate. 3Zp-labelled band X, as well as a low level of m R F , were generated in cells infected with 32p-labelled virus at 5 h after release of the aphidicolin block (Fig. 3 b) . Neither M V M form was present in cells incubated with either 32P-labelled mock lysate, or this labelled lysate to which an equivalent amount of unlabelled virus was added. Therefore, as expected, band X can form from the incoming parental ssDNA. Interestingly, assuming that both m R F and band X are formed from a single input molecule, band X was two-to threefold more abundant at this time.
The biological significance of band X is unclear. An R N A -D N A duplex could be formed by extension from the 3' hydroxyl group of ssDNA by an R N A polymerase, similar to the initial conversion of ssDNA to m R F by a D N A polymerase, such that the R N A component would be covalently joined to the 3' hairpin. However, whereas analogous turn-around forms of parvovirus R F D N A are resistant to heat denaturation (100 °C for 3 min) and quick cooling at 4 °C, because they quickly reanneal, band X was susceptible to this treatment (Fig. 3 a, right  panel) , suggesting that the R N A was not covalently attached. It is unlikely that band X results from nonspecific transcription of ssDNA, because X would then be expected to be a much more heterogeneous band than that observed. Since initiation from a ssDNA promoter would be novel for a eukaryotic system, it is also unlikely that band X results from specific transcription of the viral genome. However, the T-terminal hairpin could be extended a short distance to create a double-stranded promoter, which could be recognized by R N A polymerase II transcription factors. Further experiments are required to determine whether the R N A component of DNA that is derived from replicative intermediates is labelled a to k; four putative products of replication pausing are designated P 1, P2, P3 and P4, and are discussed in the text. were infected with 32P-labelled MVM and lysed at 0, 2-5 and 5 h after release into S-phase. DNA forms were separated in a vertical agarose (1%) gel. An aliquot of the 3ZP-labelled virus was also lysed (Input). The panel on the left is a light exposure of the input lane on the fight panel. As a control, synchronized A92L cells were also infected with a mock input prepared from 32P-labelled uninfected cells. Cells infected with either the mock input alone, or with an equivalent amount of unlabelled virus added, were collected at 5 h after release into the S-phase and lysed. MVM DNA forms are designated as in Fig. 1 and 2 . Label from the input was also incorporated into high M r cellular DNA (A) and two lower My species that may correspond to ribosomal RNAs (B and C). 
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Analysis of additional replicative intermediates
In addition to the major viral RF described above, intracellular MVM DNA was separated by 2D-AGE into a reproducible and characteristic pattern of intermediate-sized DNA that progressed throughout infection (Fig. 2) . Although random double-stranded breaks may contribute to the DNA seen in some features (e.g. Fig. 2d ; b, d, e, i and k), others cannot be accounted for by simple, random degradation of MVM RF (features a, c, f and g; Fig. 2d ). These forms are not due to overloading of gels or to a carrier effect of the cellular DNA, since each lane contains less than 500 pg of MVM-specific DNA and less than 100 ng of total DNA, nor do they correlate with the amount of cell lysate loaded (note that the sample in Fig. 2c contains only one-fifth the number of cell equivalents as the sample shown in Fig. 2a) . The 5 kb DNA in a and g of Fig. 2(d) does not derive from aberrant migration of standard 5 kb mRF, because no complementary (plus) strands were detected when blots similar to the one shown in Fig.  2 (c) were hybridized to strand-specific RNA probes (data not shown). It is also unlikely that these forms are derived from a protein-induced shift in mobility of viral ssDNA, because infected cells were lysed in 2 % SDS, and treatment with proteinase K (0-5 mg/ml at 37 °C for 4 h) prior to electrophoresis did not affect the mobility of this DNA (data not shown). These forms are also not likely to include RNA-DNA hybrids, like band X, because they would have to contain greater than unit length RNA and because they were resistant to RNase A (data not shown).
We presume that these viral DNAs are replicative intermediates because the appearance of this DNA parallels the appearance and accumulation of MVM double-stranded RF and not input viral ssDNA. Although we cannot conclusively identify each band, in this section we correlate the presence of these DNA forms with the expected mobility of replicative intermediates predicted to be generated from the replication of a 5 kb, linear double-stranded DNA molecule by a hairpin transfer mechanism.
(i) Intermediates that migrate between mRF and dRF in the neutral dimension ( Fig. 4a; a, b, c, d ). mE that have initiated replication in one end would migrate slower than mRF in a neutral agarose gel (Fig. 4a, structures i and ii), and under alkaline conditions such molecules would dissociate into a 5 kb strand and an intermediatesized strand between 5 and 10 kb. Bands consistent with the migration of such forms appear in our analysis as a and b in Fig. 4(a) . If initiation occurred at the right end of the genome, the 5 kb non-replicating strand would be the minus strand (Fig. 4a, i) ; initiation at the left end would generate 5 kb plus strands (Fig. 4a, ii) . Alternatively, if DNA replication initiated at both ends of the genome, two intermediate-sized strands would be produced (not depicted in Fig. 4) . Hybridization of strandspecific RNA probes to Southern blots similar to the one shown in Fig. 2 (c) indicates that 5 kb strands dissociated from replicative intermediates, like the majority of packaged viral DNA, were minus strands (data not shown), suggesting that at 12 h post-release, MVM DNA replication primarily initiates from the right end of the molecule as predicted by current replication models. This result, however, does not formally exclude the possibility that DNA replication initiates on either the left end or both ends on some MVM mRF.
Four areas of increased intensity are seen on diagonal b of Fig. 4(a) , designated P1 to P4, which presumably correspond to common pause sites during replication. Based on their relative mobilities in the alkaline dimension and assuming that replication initiates in the right end, we estimate that these putative pause sites roughly map to nucleotides 2900 (P1), 2500 (P2), 2100 (P3) and 900 (P4). P2 and P3 migrate at approximately 7.7 and 8"3 kb respectively in the neutral dimension, similar to the position of the 8 kb intermediate previously described by Faust & Gloor (1984) . The mobility of these bands in the alkaline dimension, however, is not consistent with the dimeric intermediate proposed by these authors, which is the same as structure vi in Fig.  4(b) . As discussed below, another band, Z, may be derived from such intermediates.
Replicative intermediates generated from mT would migrate between 10 and 20 kb in the alkaline dimension (Fig. 4 a, iii) . Bands consistent with the migration of such forms appear in our analysis as region d in Fig. 4 (a) . The end product of such intermediates would be dRF that are covalently closed in the end in which replication originated. The 10 kb DNA strands corresponding to c in Fig. 4(a) could potentially be derived from replicating mT molecules that are nicked in the right-hand palindrome (Fig. 4a, iii) , however this is unlikely since such intermediates would also generate 0 to 10 kb replicating strands, which were not detected (Fig. 2 c) . A more likely alternative is that such 10kb strands derive from replication intermediates of dRF, as discussed below.
(ii) Intermediates of dRF replication (Fig. 4b, a, c, d,  Z; Fig. 4c, e, f, g ). As with mRF, replication from one end of dE would produce replicating strands between 10 and 20kb long (Fig. 4b, iv) ; however, only bands restriction sites is shown, mRF is cleaved twice yielding 1.9 kb left-end fragments (nt 1 to 1886), an internal 1-0 kb fragment (nt 1886 to 2872) and 2-3 kb right-end fragments (nt 2872 to 5149). dRF is cleaved four times to yield 2.3 kb right-end terminal fragments, two internal 1.0 kb fragments, and a 3-8 kb bridge fragment across the joined left-hand ends. Left (L; 1"9 kb) and right (R; 2-3 kb) turn-around (t) or extended (e) end fragments are designated. Samples were from the same experiment as shown in Fig. 1 and 2. Markers were pMVM digested with BamHI, BstEII and BglI to give fragments of 2-3, 1-9, 1.2, 1.0, 0"9 and 0-4 kb. Because this gel was run to maximize the separation of left and right end extended and turn-around fragments, the 1-0 kb fragments have run off; also, in this particular gel, the 3.8 kb dimer bridge fragments comigrate with single strand. An additional band at 2'2 kb is also seen due to a small deletion in the right-hand end of MVM, which occurs spontaneously in Escherichia coli (Merchlinsky, 1984; Astell et al., 1985) .
consistent with the migration of intermediates ranging between 10 and 15 kb were detected (Fig. 4b, e) . Because dRF, unlike mRF, contain potential replication origins on both ends of the molecule, replicating strands might be limited to 15 kb because the two strands would dissociate as the replication forks approach the middle of the molecule (Fig. 4b, v) . Once dissociated, these intermediates would migrate faster than dRF in the neutral dimension, and between 15 and 20 kb in the alkaline dimension, corresponding to the upper half of diagonal d in Fig. 4(b) . Because dRF are specifically nicked in the dimer bridge, dimer intermediates might be predicted to also be nicked; however, the replication of dimer molecules that have been previously nicked in either the template or opposite strand would generate 5 to 10 kb or 5 kb plus strands, respectively (neither of which is detected) and not 10 to 15 kb DNA (Fig. 4c,  vii) . Alternatively, replicating strands between 10 and 15 kb could also be generated if the template strand were nicked after the replication fork has passed through the dimer bridge (Fig. 4c, viii) . This model is plausible because the terminal protein, NS 1, is also responsible for the nicking of the dimer bridge (Cotmore & Tattersall, 1992; Cotmore et al., 1992 Cotmore et al., , 1993 . If terminal NS1 remains associated with the replication complex, then it could potentially nick the dimer bridge as the replication fork passes through its recognition sequence, similar to the activity of the gene A protein in the termination of ~bX 174 DNA replication (Eisenberg et al., 1977; Reinberg et al., 1983) . Replication intermediates of dRF that initiated from both ends might be similarly nicked following replication of the left-hand palindrome (Fig. 4b, vi) to generate two 5 kb minus strands (Fig. 4b, a) and two strands of approximately 10 kb (Fig. 4b, c) under denaturing conditions. In our analysis 5 and 10 kb strands (Fig. 4 b, a and c) appear concentrated in an area that migrates at approximately 9 kb in the neutral dimension (designated Z in Fig. 4b ) and so may be derived from such an intermediate which may be identical to the 8 kb metastable, dimeric intermediate proposed by Faust & Gloor (1984) . As also reported for dRF (Ward & Dadachanji, 1978) , this intermediate tended to break down into 5 kb ssDNA and mRF, suggesting that it might also be nicked in the dimer bridge (Faust & Gloor, 1984) .
(iii) Intermediates that migrate faster than mRF in the neutral dimension (Fig. 4c; h, i, j, k) . Conversion of ssDNA to mRF by extension from the T-terminal palindrome should generate replicative intermediates that migrate between ssDNA and mT in both the neutral and alkaline dimensions (Fig. 4c, ix) . Bands consistent with the migration of such DNA intermediates, however, were not detected (Fig. 2) . Diagonal k, present at 12 h post-release, does not intersect ssDNA, but rather passes just above (Fig. 4c, k) , and therefore is not derived from ssDNA. The migration of k is consistent with that of a double-stranded turn-around form. [For example, in the 2D-AGE shown in Fig. 2 , a 3 kb molecule that is covalently closed in one end would approximately comigrate with ssDNA in the neutral dimension, but migrate above ssDNA in the alkaline dimension (at 6 kb).] Such forms present in our analysis may be turn- 20'3 13"5_+3'17 13"6-+2'29 3 NO 10"6_+5'52 9"89-+3"35 11'6-+3'66 * 95 % confidence limits are given when three or more measurements were averaged. t mT is calculated as the percentage of total monomeric replicative forms that migrate at l0 kb in the alkaline dimension or were resistant to heat denaturation and quick cooling [% mT = mT (100)/(mE +mT + mC)].
L t is the proportion of left end restriction fragments that were resistant to heat denaturation and quick cooling [%L t = L t (100)/(Lt+Le) ]. § R t is the proportion of right end restriction fragments that were resistant to heat denaturation and quick cooling [% P~ = R t (100)/(R t + Re)]. II NO, Not detected.
around forms of defective RF or derive from random double-stranded breaks in mT. Corresponding extended forms of defective RF would migrate on the diagonal between 0 and 5 kb (Fig. 4c, i) . (The identity of diagonal h, which also migrates between 0 and 5 kb in the alkaline dimension but correspondingly slower in the neutral dimension, is unknown.)
The absence of replicative intermediates between ssDNA and mT suggests that the conversion of ssDNA to mRF is not an active pathway for replication at 8 and 12 h post-release, although such intermediates may be present at levels below our limit of detection. This result is consistent with previous observations that most, if not all, of the progeny ssDNA produced is concurrently packaged (Cotmore & Tattersall, 1987) , and argues against a model in which MVM produces significant amounts of both plus and minus strands, selectively packages the minus strands and recycles plus strands to mT. Alternatively, intermediates between ssDNA and mRF also might remain undetected if the left hairpin was nicked (or open-ended), since such molecules would generate a 5 kb band and an intermediate-length strand (0 to 5 kb) corresponding to sections a and i on Fig. 2 (d) . However, this alternative seems unlikely because data presented below indicate that neither left nor right turnaround ends were nicked in the terminal hairpin.
Quantification of extended and turn-around left-and right-hand ends
2D-AGE allows a direct quantification of the relative amounts of extended and turn-around forms of mRF and dRF (Table 1) ; however, this technique does not distinguish between mL and mR. Left and right covalently closed ends can be distinguished from their extended counterparts by 1D-AGE following restriction enzyme digestion (Fig. 5) . The identities of these turnaround end fragments were confirmed by both 2D-AGE and their resistance to heat denaturation (100 °C for 3 min) and quick cooling (at 4 °C) (data not shown).
Because dRF do not contribute to 1.9 kb left end fragments (Fig. 5, bottom) , the ratio of turn-around and extended left end fragments (L t and L e, respectively) should reflect the ratio of mRF that are covalently closed in the left end, that is L t = mL + mC and L e = mE + mR. During the time course presented here, 30 to 40 % of left end fragments were covalently closed (Table 2 ). This was approximately the same percentage as found for total mT, suggesting that little or no mRF are turn-around in the right end. However, approximately 10 % of right end fragments were also found to be turn-around by restriction digestion analysis (Fig. 5, Table 2 ). Although dRF contributes to the pool of 2-3 kb right end fragments, it is unlikely that all of the turn-around right end fragments observed are derived from dRF, because essentially all dRF would have to be turn-around in both ends in order to account for the amount of turn-around right-end fragments detected. On the contrary, our 2D-AGE analysis suggested that greater than 90 % of dRF were extended on both ends. It is also unlikely that the amount of mT was underestimated owing to specific nicks in the termini because > 90 % of turn-around end fragments were resistant to heat denaturation and quick cooling (data not shown). Quantification of left-and right-hand ends by 1D-and 2D-AGE following BstEII and BglI restriction digestion further confirmed that > 85 % of turn-around right end fragments and > 95 % of left end turn-around fragments were intact (data not shown).
A more likely possibility that would account for the increase in turn-around ends detected following restriction enzyme digestion is that partially replicated intermediates contribute to the number of turn-around end fragments observed (Fig. 5 ). Two observations suggest that this might be the case: (i) restriction enzyme digestion reduces the average size of the background of replicative intermediates in one-dimensional agarose gels and (ii) at 12 h post-release the sum of right, left and middle fragments produced by restriction enzyme digestion was greater than the sum of mRF and dRF ( Fig.  5 ; G. Tullis & D. J. Pintel, unpublished results). These replicative intermediates apparently contribute a higher proportion of turn-around ends relative to extended ends, such that mL ~< L t and mR ~< R~. A lower limit for mL and mR, however, can be estimated from measurements of R~ and Lt, respectively (mL i> mT-R t and mR 1> mT-Lt). Based on these calculations, approximately 30 % of the total mRF are covalently closed in the left end and less than 10 % are covalently closed in the right end (Table 3) . If mR are formed from initiation of DNA replication in the right-hand hairpin, how are mL formed? Current models of MVM replication rely on the conversion of progeny ssDNA to generate mL. Our results, however, suggest that this point may need to be re-examined. 2D-AGE analysis of MVM DNA did not reveal a significant amount of DNA forms with the mobility expected for intermediates between ssDNA and mL at either 8 or 12 h after release of cells into the S-phase. Either such intermediates are present at a level below our detection limit, or DNA replication may initiate directly in the lefthand palindrome of mE, such that mE is processed to generate mL and mR. Conceivably, mL could also be formed following replication of the plus strand from the right hairpin to form an mC molecule rather than mR, which would then be converted to mL by a strand transfer step by NS1. This pathway seems unlikely because mC were not detected at appreciable levels until 12 h after release of infected cells into the S-phase (Fig.  2) .
If mL is produced from progeny ssDNA or directly from mE, the initiation of packaging should lead to a selective amplification of mE over mL. Since progeny ssDNA has been observed to have been packaged as early as 6 h post-release (Cotmore & Tattersall, 1987) , this pathway might account for the surplus of mE observed (65 % of the total mRF). The ratio of mE relative to mL however remained approximately 2:1 throughout the time-course of these experiments, and no increase in mE was detected at 12 h post-release when an increase in ssDNA was observed. In addition, at much later times (24 to 48 h post-release) turn-around forms and not mE become predominant (data not shown) (Cotmore et al., 1989) .
Based on their observation that capsids bind specifically to the left hairpin and not the extended form, Willwand & Kaaden (1990) have proposed a model for the replication of Aleutian disease virus (ADV) in which mL may also be a precursor to packaged ssDNA. According to this model, one ml will produce one mC plus one ssDNA during the packaging phase, mC molecules can then be converted back to mL by NS1, leading to an amplification of this form instead of mE. Since MVM capsids also bind to the left hairpin (Willwand & Hirt, 1991 ), a similar model could be invoked for MVM replication. However, capsid-deficient MVM mutants, which replicate RF but not ssDNA following transfection into A92L cells, do not produce a disproportionate amount of either mL or mE in mutant RF compared to wild-type MVM DNA (Tullis et al., 1993) . These mutants also accumulate mT in a fashion similar to that observed with wild-type MVM at later times (Tullis et al., 1993) . It is not clear, therefore, whether the accumulation of mT reflects a change in the replication pattern, such as entering a packaging phase, or is merely a consequence of the infection. For example, as the cells are killed during infection, open-ended forms may be more susceptible to endonucleases. [Turn-around forms are resistant to endonucleases in vitro (Cotmore et al., 1989) .]
The kinetic hairpin transfer model, as developed thus far, does not adequately account for the accumulation of mL in MVM DNA replication. Another source of mL may be in the resolution of dRF. The modified rolling hairpin model of Astell et al. (1983 Astell et al. ( , 1985 proposes that NS1 may convert dRF to two mRF molecules (one mE and one mL) by a nicking and strand transfer mechanism (Astell et al., 1983 (Astell et al., , 1985 . Experimental evidence also suggests that dRF may be resolved by such a mechanism; plasmids that contain the MVM dimer bridge are resolved into both extended and turn-around ends following transfection into murine cells superinfected with MVM or with recombinant vaccinia virus that expresses NS1 (Cotmore & Tattersall, 1992; Cotmore et al., 1993), although dRF may be resolved into two mL molecules, one of which is converted into mE. Our 2D-AGE analysis of MVM DNA also indicates that a significant proportion of dRF and higher concatemers are nicked in the left-hand palindrome, suggesting that resolution of dRF into two mRFs may occur via singlestranded nicks rather than a double-stranded cut. These results do not address the basic premise of the kinetic hairpin model (i.e. that only the flop orientation of the left hairpin can be processed by a hairpin transfer mechanism), but do suggest that this model should be adjusted to include a strand transfer or similar mechanism, for the resolution of dRF, in order to account adequately for the production of mL. The resolution of dRF, however, does not necessarily require the same strand specificity as originally invoked by Astell et al. (1983, 1985) .
